Using the IceCube Neutrino Observatory, we search for high-energy neutrino emission coincident with compact binary mergers observed by the LIGO and Virgo gravitational wave (GW) detectors during their first and second observing runs. We present results from two searches targeting emission coincident with the sky localization of each gravitational wave event within a 1000 second time window centered around the reported merger time. One search uses a model-independent unbinned maximum likelihood analysis, which uses neutrino data from IceCube to search for point-like neutrino sources consistent with the sky localization of GW events. The other uses the Low-Latency Algorithm for Multi-messenger Astrophysics, which incorporates astrophysical priors through a Bayesian framework and includes LIGO-Virgo detector characteristics to determine the association between the GW source and the neutrinos. No significant neutrino coincidence is seen by either search during the first two observing runs of the LIGO-Virgo detectors. We set upper limits on the time-integrated neutrino emission within the 1000 second window for each of the 11 GW events. These limits range from 0.02-0.7 GeV cm −2 . We also set limits on the total isotropic equivalent energy, E iso , emitted in high-energy neutrinos by each GW event. These limits range from 1.7 × 10 51 -1.8 × 10 55 erg. We conclude with an outlook for LIGO-Virgo observing run O3, during which both analyses are running in real time.
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ABSTRACT
Using the IceCube Neutrino Observatory, we search for high-energy neutrino emission coincident with compact binary mergers observed by the LIGO and Virgo gravitational wave (GW) detectors during their first and second observing runs. We present results from two searches targeting emission coincident with the sky localization of each gravitational wave event within a 1000 second time window centered around the reported merger time. One search uses a model-independent unbinned maximum likelihood analysis, which uses neutrino data from IceCube to search for point-like neutrino sources consistent with the sky localization of GW events. The other uses the Low-Latency Algorithm for Multi-messenger Astrophysics, which incorporates astrophysical priors through a Bayesian framework and includes LIGO-Virgo detector characteristics to determine the association between the GW source and the neutrinos. No significant neutrino coincidence is seen by either search during the first two observing runs of the LIGO-Virgo detectors. We set upper limits on the time-integrated neutrino emission within the 1000 second window for each of the 11 GW events. These limits range from 0.02-0.7 GeV cm −2 . We also set limits on the total isotropic equivalent energy, E iso , emitted in high-energy neutrinos by each GW event. These limits range from 1.7 × 10 51 -1.8 × 10 55 erg. We conclude with an outlook for LIGO-Virgo observing run O3, during which both analyses are running in real time.
INTRODUCTION
The discovery of gravitational waves (GWs) (Abbott et al. 2016 ) and the discovery of astrophysical high-energy neutrinos has opened new opportunities for astrophysics with the possibility of finding multi-messenger fingerprints (LIGO Collaboration & Virgo Collaboration 2008; Abbott et al. 2017a; Aartsen et al. 2018) .
Both GW and high-energy neutrino detections are now reported on a weekly to monthly basis (GraceDB 2019; AMON 2019). All GW detections by the LIGO and Virgo observatories published to date are well understood in the context of coalescing compact binary systems (Aasi et al. 2015; Virgo Collaboration 2015; Abbott et al. 2019) , while the dominant origin of the detected astrophysical neutrinos is less certain (Aartsen et al. 2020) . The joint observation of GWs and high-energy neutrinos could shed light on the underlying source population responsible for neutrino emission, and would give insight into the connection between the interaction of compact objects and the properties of energetic outflows driven by their interactions (Ando et al. 2013; Bartos et al. 2013) . It could also shed light on astrophysical sources which are electromagnetically obscured due to a surrounding dense environment, but are transparent to neutrinos (Razzaque et al. 2003; Bartos et al. 2012; Kimura et al. 2018 ).
For over a decade there has been a sustained effort dedicated to discovering joint sources of GWs and high-energy neutrinos (Aso et al. 2008; van Elewyck et al. 2009; Bartos et al. 2011; Baret et al. 2012; Adrián-Martínez et al. 2013; Ando et al. 2013; Aartsen et al. 2014; Adrián-Martínez et al. 2016; Albert et al. 2017a,b) . The first observational constraints on common sources were obtained from non-detections (Bartos et al. 2011) . Initial LIGO-Virgo data were analyzed in two independent searches, one using ANTARES data (Adrián-Martínez et al. 2013 ) and the other using IceCube (Aartsen et al. 2014 ) data. After the onset of the era of advanced GW detectors, GW discoveries led to an increased interest in finding neutrino counterparts of GWs (Adrián-Martínez et al. 2016; Albert et al. 2017b,a; Avrorin et al. 2018; Abe et al. 2018; Petkov et al. 2018 ). Additionally, a subthreshold search looked for events where neither the GW nor the neutrino trigger could be independently confirmed to be astrophysical (Albert et al. 2019) . No statistically significant correlations were found in these searches.
The near realtime availability of GW and high-energy neutrino data enables low-latency joint searches. This allows for follow-up observations within a few minutes of an alert which is crucial for observing prompt emission with multiple messengers. The current Low-Latency Algorithm for Multi-messenger Astrophysics (LLAMA) evolved from the previous joint GW-neutrino search pipeline (Baret et al. 2012 ) that produced the bulk of the published results up to date. During the second LIGO-Virgo observing run (O2), LLAMA combined data from LIGO, Virgo, and IceCube, and disseminated results to electromagnetic follow-up partners . The application of LLAMA to the data from the O2 observing run provided the proof-of-concept for a reliable low-latency multi-messenger pipeline. LLAMA with an improved significance measure continues to run during the current third observing * Author is Deceased run Keivani et al. 2019) , together with the online version of the analysis using the maximum likelihood method (Hussain et al. 2019 ) discussed below.
First and second observing runs of the advanced gravitational wave detector network
During the first and second observing runs of the advanced gravitational wave detector network (Aasi et al. 2015; Virgo Collaboration 2015) , the LIGO and Virgo Collaborations (LVC) searched the collected data and discovered signals from compact binary mergers. Three binary black hole (BBH) mergers were detected during O1 (September 12th, 2015 to January 19th, 2016 , and an additional seven BBH events were detected during O2 (November 30th, 2016 to August 25th, 2017 . The LVC also discovered the very first binary neutron star (BNS) inspiral signal during O2, on August 17th, 2017 (GW170817). GWTC-1, a Gravitational wave Transient Catalog of compact binary mergers observed by LIGO and Virgo during the first and second observing runs, provides information on source properties and localization on the aforementioned eleven GW events . All references to distance refer to the luminosity distance, D L .
The time difference between the signals observed at the different interferometers in the GW detector network, together with the phase and amplitude of the detected GW events, enables sky localization of the source (Singer & Price 2016; Veitch et al. 2015) . The 90% credible regions of the sky localizations for the GWTC-1 events span 16 to 1666 square degrees. Most events were observed only with the two LIGO detectors, thus the corresponding sky localization regions for these events are rather large. The presence of the Virgo detector, especially for closer and/or higher-mass events, significantly improves the localization (see Table 1 ), though in all cases the GW localization is poor with respect to the angular uncertainty of high-energy neutrino events which tend to be less than a few square degrees.
IceCube and LIGO-Virgo have previously reported on the search for high-energy neutrino counterparts for four of the eleven GWTC-1 catalog events (GW150914, GW151012, and GW151226 from O1 and GW170817 from O2) (Adrián-Martínez et al. 2016; Albert et al. 2017b,a) . Moreover, during O2 the LLAMA disseminated joint search results ) to electromagnetic follow-up partners for six events (GW170104, GW170608, GW170809, GW170814, GW170817, and GW170823) as well as for additional candidate events that were distributed to LVC partners . In this paper we present the results for all 11 GW events in the GWTC-1 Catalog from a model-independent unbinned maximum likelihood search as well as an updated version of the previous LLAMA search.
Both searches presented below search for prompt neutrino emission within a 1000 s time window centered around the GW event time. This search window is chosen based on a range of neutrino emission mechanisms from gamma-ray bursts and is a conservative estimate of the difference in arrival times of the GW and neutrinos (Baret et al. 2011) . Searches for longer-timescale neutrino emission are in development but are not considered here.
IceCube
IceCube is a cubic-kilometer neutrino observatory located at the geographic South Pole (Aartsen et al. 2017a ). IceCube consists of 86 strings, each of which holds 60 Digital Optical Modules (DOMs) which are located at depths between 1.5 km and 2.5 km in the Antarctic ice. These DOMs contain photomultiplier tubes which detect the Cherenkov light radiated by charged secondaries of neutrino charged-current and neutral-current interactions.
IceCube's sensitivity to a point source is strongly dependent on the declination of the source. Figure 1 shows IceCube's sensitivity to a transient point source in a 1000 s time window as a function of declination. The predominant background in the Northern Sky consists of atmospheric neutrinos which can travel large column depths through the earth, while any atmospheric muons will be absorbed in the earth (Formaggio & Zeller 2012) . This is not the case in the Southern Sky, where atmospheric muons have enough energy to travel from the atmosphere to the detector resulting in a much higher total background rate. Therefore, IceCube is much more sensitive to sources in the Northern Sky.
IceCube's nearly 100% uptime and continuous 4π steradian field of view make it an ideal observatory for multimessenger programs, both to trigger other observatories as well as perform follow-ups (Aartsen et al. 2017b ). In the case of multi-messenger follow-ups of GW events, IceCube is able to search for neutrinos within the full GW localization region for all reported GW events. IceCube's 90% C.L. sensitivity to a transient point source within 1000 s assuming an E −2 spectrum. We assume uniform emission within the time window. Here, E 2 F is the energy scaled, time-integrated flux, where the time-integrated flux is defined as F = dN/dE dA. The choice of an E −2 flux provides an optimistic limit on the sensitivity of IceCube and is motivated by Fermi acceleration.
Both analyses described in this paper use the same neutrino data which come from the IceCube Gamma-ray Follow Up (GFU) sample (Kintscher 2016 ) but use different statistical methods and test different hypotheses. This sample is used for low-latency as well as offline analyses in IceCube. It consists of through-going muon tracks primarily induced by cosmic-ray interactions in the atmosphere. These backgrounds consist of downgoing muons as well as upgoing muons from atmospheric muon-neutrino interactions. The rate of background events in the sample is roughly three orders of magnitude larger than the rate of astrophysical neutrinos. Overall, the sample has a 6.7 mHz all-sky event rate and the events in the sample have a median angular resolution of 1
• for energies above 1 TeV. The GFU sample is ideal for realtime multi-messenger follow ups due to its low latency (∼30 s) and good angular resolution.
METHODS
Unbinned Maximum Likelihood
The unbinned maximum likelihood analysis tests for a point-like neutrino source being consistent with the localization of the GW source detected by LVC. The method uses the GW skymap as a spatial prior in a neutrino point-source likelihood (Schumacher 2019) .
The sky is divided into equal-area bins using HEALPix (Górski et al. 2005) . The pixels are roughly 0.01 deg 2 , which is about the order of magnitude of the best angular resolution of the neutrino events in the GFU sample. In each pixel, the likelihood is maximized with respect to the number of signal neutrinos, n s , and the source spectral index, γ. This procedure yields a test statistic (TS) in each pixel of the form
wheren s andγ are the values of n s and γ which maximize the likelihood, L. The resulting test statistics are then weighted by the spatial prior which is a penalty at every pixel derived from the probability distribution of the GW event over the sky. This yields a weighted test statistic
where w is the weight derived from the GW localization, w = P GW (Ω)/A pix , where P GW (Ω) is the GW localization probability as a function of position on the sky and A pix is the area of the pixels on the sky. A full, detailed description of this method can be found in Hussain et al. (2019) . For a given GW event, we test for coincident neutrinos by considering a ±500 s time window centered on the GW event time. To keep the analysis model independent, neutrinos are assumed to be emitted uniformly within the ± 500 s time window. An example of a GW event overlaid with IceCube neutrinos within ±500 s of the GW event is shown in Figure 2 . For a gallery of all 11 skymaps with overlaid neutrinos, see Figure 7 in the Supplement.
We quantify the significance of a given observation by comparing our maximum observed Λ over the full sky to a background-only distribution and computing the resulting p-value. The background distribution is built from 30,000 trials using randomized neutrino events from the data themselves. To randomize the neutrino events used in each trial, the event arrival times are randomly shuffled while keeping the local coordinates of the events. This procedure preserves the time structure of the data set while assigning a random right ascension to each neutrino event, thus producing a unique sample for each trial. An example of a background-only test statistic distribution for GW170729 is shown in Figure 4 in the Supplement. We fix the GW skymap for these trials so each GW event in the catalog has a unique background distribution. The associated p-value for a given GW event quantifies the chance probability of a set of background neutrinos having a significant correlation with the localization of the GW event. 30,000 trials per GW event yield enough statistics to compute accurate p-values while still being computationally feasible. Figure 2 . An example of a neutrino follow up to GW170729 ), a binary black hole merger (BBH) during the O2 Observing run. Here, the neutrinos observed within ±500 s of the GW event are represented by blue crosses with 90% containment angular errors and the GW localization PDF is shown in red with the 90% credible region in black. Note that some of the 90% containment regions for the neutrinos are smaller than the blue crosses so the error regions aren't visible.
Low-Latency Algorithm for Multi-messenger Astrophysics (LLAMA)
The LLAMA search calculates the odds ratio of having a multi-messenger counterpart for a GW event versus the GW originating from noise or not having a counterpart (see Countryman et al. (2019) ; Keivani et al. (2019) for more information). This odds ratio is used as the test statistic (TS) for the search. The calculation of the odds ratio is based on a Bayesian framework by assuming a model for the multi-messenger sources . The method uses a distribution for the astrophysical high-energy neutrinos' total emission energies, a spectrum for individual neutrino's differential energy density, IceCube's detector response, and the spatial position reconstruction of the GW detection to estimate the expected number of neutrinos to be detected from the GW event. More neutrinos are expected to be detected from closer and otherwise identical events and thus closer events are favored. A log-uniform distribution between 10 46 − 10 51 ergs is used for the distribution of the total high-energy neutrino emission energy. The assumed neutrino emission spectrum is a power law with exponent γ = −2. The method's input parameters are the detection times and localizations of candidate neutrinos and the GW, the reconstructed energies of the candidate neutrinos, the reconstructed distance of the GW, and the signal to noise ratio (SNR) of the GW. For GW events which have confirmed detections, as is the case with the 11 events considered here, the probability of the GW event arising from background is assumed to be 0, and the SNR information from the GW is not used. The method assumes neutrinos and GWs are emitted uniformly in ±250 s around the joint astrophysical event time (Baret et al. 2011) . This results in a triangular distribution for the time difference between neutrinos and GWs with a maximum of ±500 s time difference, where neutrinos temporally closer to the GW are favored. The p-value for each event is found by comparing the observed TS value for the event to a background distribution. The background distribution is built by running the analysis on injected GWs which are distributed uniformly in the comoving volume and detected with the sensitivity of the GW detectors during O1 and O2 runs, which have similar sensitivities. The background distributions for BBH and BNS events are kept separate due to the significantly different distance distributions of their detections. Figure 6 in the Supplement shows the background TS distribution for BBH mergers detected with 3 GW detectors, aLIGO Hanford, aLIGO Livingston, and AdVirgo.
RESULTS
No significant neutrino correlation was found for the 11 GWs in the O1 and O2 observing runs. We set upper limits (ULs) on the energy scaled time-integrated flux, E 2 F , assuming an E −2 source spectrum. A single UL on E 2 F is derived for each GW event. This is done via signal injection trials which are described in detail in the supplement. We also report a range of upper limits for each GW event. This range corresponds to the minimum and maximum UL that IceCube can set within the 90% credible region of the GW event. The results are shown in Table 1 .
We also compute an upper limit on an astrophysical quantity of interest, the isotropic equivalent energy, E iso , assuming an E −2 source spectrum. Physically, this quantity represents the total energy emitted in neutrinos during the 1000 s time window, assuming spherically symmetric emission. E iso encodes the intrinsic energy emitted by the source combined with the relative Doppler boost of the emission. Due to the uncertainties in the 3D localization of the GW source, we also marginalize over the 3D position of the source to get a marginalized UL on E iso . This results in a single UL which encapsulates the significant uncertainties in the position of the source.
We relate E iso to the neutrino flux observed by IceCube:
where we assume the flux, Φ(E), follows a simple power-law spectrum, Φ(E) = Φ 0 (E/E 0 ) −2 . The flux normalization Φ 0 has units of GeV −1 cm −2 s −1 . The power-law flux is related to the flux defined in Figure 1 as E 2 F = E 2 Φ(E)∆t. E 1 and E 2 are the minimum and maximum energy of the neutrino Monte Carlo sample respectively, where E 1 =10 GeV and E 2 =10 9.5 GeV. Thus, our E iso ULs are to be taken as limits on the energy emitted in neutrinos between E 1 and E 2 .
Next we relate E iso to the expected number of neutrino events, µ, observed at IceCube. To do this, we need to take into account IceCube's effective area, A eff (E, δ), which is strongly dependent on declination, and we also marginalize over the 3D position of the source:
where the summation is over the pixels in the skymap of the GW event, P (Ω, r) is the 3D location PDF of the GW source, and p(Ω i ) is the probability per pixel. Since p(Ω i ) is a discrete quantity, we transform the integral into a sum over the pixels in the sky. The quantity p(r|Ω i ) is the per-pixel luminosity distribution of the form
where d norm,i , d µ,i , and d σ,i are parameters fitted in the i th pixel to create a per-pixel distance distribution. For details on LIGO-Virgo skymaps and localizations see Singer et al. (2016) .
Using these distributions we can numerically solve for the expected number of neutrino events at IceCube after marginalizing the localization uncertainty. We then perform trials with additional signal injection to compute a 90% UL on E iso . The results for this calculation are shown in Table 1 . This E iso limit was only computed with the maximum likelihood analysis described in Section 2.1. See Veske et al. (2020) Table 1 . Results for every detected GW from the O1 and O2 observing runs. Here Ω is the area of the 90% credible region of the GW and DL is the reported median luminosity distance. These values are taken from GWTC-1 ). The Detectors column indicates which of the three LIGO-Virgo detectors detected the GW. We also report 90% ULs on the energy scaled time-integrated flux, E 2 F , from both analyses. The UL Range column shows the minimum and maximum 90% ULs assuming a point source hypothesis within the 90% credible region of the GW skymap. Eiso is the UL on the isotropic equivalent energy emitted in neutrinos during 1000 s. Note that error bars on derived energy quantities are not shown for clarity but are dominated by the error in the distance measurements of each GW. BBH = Binary Black Hole, BNS = Binary Neutron Star. Figure 3 shows the upper limits on E iso as a function of the mean distance to the source marginalized over the sky. We find that E iso scales roughly with the square of the distance which is motivated from geometrical arguments. There is significant scatter around the r 2 scaling due to IceCube detector effects and the significant uncertainties in the GW source positions. Also shown in Figure 3 is the total radiated energy for each GW as well as the total rest mass energy of the initial binary system. Our E iso ULs show that the UL on the total energy radiated in neutrinos within the 1000 s time window is up to 2 orders of magnitude smaller than the total radiated energy of the binary system, while for some events, it is about the same order of magnitude.
CONCLUSION
Advances in detector technologies used in GW, electromagnetic, and neutrino astronomy have led to a scientific revolution, rapidly expanding the fields' cosmic and scientific horizons. Finding evidence of a joint GW-neutrino source would further expand our understanding of the sources of high-energy neutrinos and the energetic outflows driven by the interaction of compact objects.
We performed two different searches for neutrino emission from the 11 compact binary mergers in the first gravitational wave transients catalog, GWTC-1, from LIGO-Virgo. We found no significant neutrino emission from any of the 11 GW events and therefore placed upper limits on the energy-scaled time-integrated neutrino flux (see Table  1 ). In addition to upper limits on neutrino flux, we placed upper limits on the isotropic equivalent energy emitted in neutrinos, E iso , during the 1000 s time window (see Table 1 ). These limits show that BBH mergers emit up to 2 orders of magnitude less energy in high-energy neutrinos than they do in gravitational waves. For the one BNS merger, GW170817, the UL on the energy emitted in neutrinos is about 2 orders of magnitude lower than the energy radiated Figure 3 . 90% UL on the isotropic equivalent energy emitted in neutrinos during a 1000 s time window (blue and orange triangles). The Eiso ULs are fit to an r 2 scaling which is motivated by geometric arguments. E tot progenitor (black cross) is the total rest mass energy of the progenitors and E rad (orange/blue plus) is the total radiated energy of the binary system. While not all of the progenitor energy is available for acceleration processes, we show it here as a relevant energy scale in the binary system. The distance and 90% credible intervals are taken from the first GW catalog . The distance errors for GW170817 are much smaller than the BBHs because of the precise measurements of the host galaxy (Cantiello et al. 2018) . Note that the distance error bars also apply to the E rad and E tot progenitor measurements but are not shown here for clarity. Shown in green is the measured Eiso for GRB 170817A by Fermi GBM taken from Abbott et al. (2017b) . The assumed r 2 scaling is fit to this measured value.
in gravitational waves. We also compare to measurements of the energy emitted in gamma-rays of the associated short gamma-ray burst, GRB 170817A. Fermi GBM reported an upper limit on E iso which is over six orders of magnitude lower than the energy radiated in gravitational waves and over 4 orders of magnitude lower than the UL on the energy emitted in neutrinos. (Abbott et al. 2017b ).
In addition to searching for neutrino emission from the 11 mergers in GWTC-1, there are two pipelines implementing the two methods described in Section 2 in low-latency during the O3 observing run. These low-latency searches are particularly useful in informing electromagnetic observatories where to point to search for optical counterparts. These analyses are described in detail in Hussain et al. (2019) and Countryman et al. (2019) , and will the subject of a future publication.
Searches for neutrino emission from longer time windows are also ongoing. These searches target neutrino emission from binary neutron star or neutron star-black hole mergers on a two-week timescale. Neutrinos from kilonovae or ejected material from mergers involving neutron stars are potential sources of high-energy neutrinos for weeks after the initial merger (Kimura et al. 2018; Fang & Metzger 2017) . Our sample of potential joint GW and neutrino sources continues to grow as more compact binary mergers are detected. With the 5× to 6× higher statistics expected in O3 (Abbott et al. 2018) , we can search for a possible underlying population of joint sources.
5. SUPPLEMENT Figure 4 shows the background distribution for the unbinned maximum likelihood analysis. Here, 30,000 trials are performed for GW170729. Neutrino arrival times are randomly assigned, which has the effect of assigning a random right ascension value to each neutrino, while preserving the declination and temporal distribution of our data. Since IceCube's sensitivity does not depend on right ascension, we can randomize neutrinos in right ascension to produce different realizations on the sky.
Maximum Likelihood Analysis
For each trial and random realization of the sky, the likelihood is maximized in each pixel on the sky and the maximum resulting test statistic on the sky is taken as the test statistic for that trial. Shown in Figure 4 are the maximum TS values on the sky for 30,000 unique trials. Figure 4 . Background test statistic distribution for GW170729. We see a large fraction of Λ values that are negative due to most neutrino events on the sky being heavily down-weighted by the spatial prior. Figure 5 shows the method used to compute sensitivity and upper limits in the unbinned maximum likelihood analysis. We perform signal injection trials with neutrinos from Monte Carlo. For each trial we choose a random location on the sky weighted by the GW localization and inject signal. We compute a passing fraction which refers to how many trials yielded a test statistic larger than the background median for a given injected flux. We increase the injected flux and perform trials again. We repeat this procedure for multiple injected flux values and fit a χ 2 CDF to the passing fraction vs injected flux as shown in Figure 5 . In the case of computing upper limits, the passing fraction refers to how many trials yielded a test statistic larger than the observed test statistic for the GW. We fix the lower bound of the upper limit to the sensitivity to be conservative.
LLAMA
The fluence upper limits of the LLAMA search in Table 1 are calculated as follows; three sets of neutrino lists are prepared for each GW event. In the first set the list consist of only background neutrinos whose count is drawn from a Poisson distribution with the mean background neutrino count in 1000 s. The neutrinos are chosen from the archival GFU dataset. Neutrinos' right ascensions and detection times are randomized and other properties are kept the same. The detection times of these neutrinos are uniformly chosen around the ±500 s of the GW event time. Right ascensions are uniformly randomized between [0, 2π] . The second set of lists have one signal neutrino in addition to first set of lists. The emission location of the signal neutrinos are randomized according to the GW sky localization. The detection times of the neutrinos are chosen from a symmetric triangular distribution whose mode is the GW event time and extent is ±500 s around the GW event time. The neutrinos are chosen from a Monte Carlo signal simulation list with E −2 energy spectrum. The Monte Carlo list consists of neutrinos detected all over the sky. For Figure 5 . 90% Sensitivity flux for GW170104, computed by injecting an increasing neutrino flux according to an E −2 powerlaw spectrum and calculating the fraction of trials which return an observed Λ greater than the median of the background distribution shown in Figure 4 . We use a χ 2 cumulative distribution function (CDF) to fit the data and compute the time integrated flux which gives a 90% passing fraction. This is defined as the sensitivity for the particular GW event.
choosing neutrinos from this list, only the neutrinos in the ±1
• declination band around the emission location are considered. The Monte Carlo list has a real location, a detection location and detection error for the location for each neutrino. Maintaining the difference between the real and detection location, chosen neutrinos' real locations are shifted to emission points which have been chosen on the sky according to the GW's sky localization distribution. The third set of lists are similar to the second set of lists except having two signal neutrinos emitted from the same point in each list. Then the analysis is run on these sets of lists. Finally we find the fluence value for which 90% of the detected lists of neutrinos will have a higher TS than the TS of the actual detection. The fluence affects the expected number of signal neutrinos. Expected number of signal neutrinos for a fluence are found by using the effective area of the detector and assuming a E −2 spectrum. By using the TS values from the three sets of lists we can calculate the fraction of events that would have higher TS than the actual detection's TS for a fluence value. When doing this we assume that the events which have 3 or more signal neutrinos will always have a higher TS than the actual detection's TS since such a detection would be extremely significant. Moreover we put a lower bound to the actual detection's TS which is equal to the median of the TS distribution of only background neutrinos (sensitivity). See Veske et al. (2020) for limits obtained based on maximum likelihood estimators without the sensitivity lower bound for the first 3 GW events. Figure 6 shows the background TS distribution of the LLAMA search used for the analysis of joint GW high-energy neutrino events which have GWs detected by the 3 detector network of 2 aLIGO detectors and the AdVirgo detector. In order to create background pairs of GWs and high-energy neutrino events, first GWs were injected and detected at O1/O2 sensitivity with the 3 GW detectors. The injections were made uniform in comoving volume. The injection volume is as large as the detectors maximum reach. Then each detected GW injection was paired with a set of neutrinos whose count was drawn from a Poisson distribution whose mean was the mean count of the neutrino detections from the GFU stream in 1000 seconds. According to the Poisson draws, that many neutrinos were chosen from the archival GFU dataset. Before the selection the right ascension coordinate of the neutrinos in the dataset were scrambled. Finally those neutrinos were distributed uniformly in the ±500 s window around the GW injections which created the background joint GW high-energy neutrino event. The search was run on a set of ∼ 10 4 such events. 
